INTRODUCTION
Enterovirus-D68 (EV-D68) was first identified in California in 1962 1 and has since been associated with several small outbreaks, both in the US and internationally, from 2009-2013. [2] [3] [4] [5] [6] [7] In the summer of 2014, hospitals in Missouri and Illinois began to report increases in severe respiratory illnesses in children, with clinical polymerase chain reaction (PCR) on multiplex platforms testing positive for rhinovirus/enterovirus.
Further investigation by the Centers for Disease Control (CDC) later identified several of these cases as EV-D68 infection and to date several thousand cases of EV-D68 have been confirmed. 8 Currently, there is no commercially-available clinical assay that specifically detects EV-D68 infection, and all US cases have been confirmed by state or CDC laboratories.
Most confirmed cases of EV-D68 infection have been in children, occurring primarily in patients with
underlying lung disease such as asthma or a history of wheezing. Several patients were severely ill, requiring hospitalization and mechanical ventilation. Currently, the CDC is investigating the role of EV-D68 in a number of deaths and in children with acute flaccid paralysis. There has only been one recent report of adults with confirmed EV-D68 infection that included solid organ transplant recipients; no cancer patients were described in this study. 9 Further investigation in immunocompromised hosts has been recommended.
10
Immunocompromised hosts, including hematopoietic cell transplant (HCT) recipients and patients receiving chemotherapy for cancer, are uniquely susceptible to and can have serious complications from respiratory viral infections, including pneumonia, respiratory failure, and even death. In order to better understand the clinical manifestations of EV-D68 in these high-risk patients, we used molecular techniques to assess clinical respiratory samples from a tertiary university hospital with a large free-standing ambulatory care
center. We describe the clinical presentation and outcomes of 8 adult immunocompromised patients with presumptive EV-D68 infection, 6 of which were confirmed by sequencing.
METHODS
The 14 Additionally, samples negative for all respiratory viruses in our panel were tested using the same EV-D68 RT-PCR assay. Samples with EV-D68 PCR cycle threshold (CT)
values at least 4 cycles lower than the HRV CT from HRV positive samples, or any EV-D68 CT value from HRV negative samples were considered presumptive EV-D68 cases. All presumptive cases were then sequenced if adequate virus was present (CT <32).
For sequencing, RNA was transcribed into cDNA using random hexamers and a Moloney Murine Leukemia Virus Reverse Transcriptase Kit (Invitrogen Corporation, Carlsbad, CA, USA). The cDNA was amplified in a semi-nested PCR with Expand High Fidelity polymerase (Roche Molecular Systems) using outer primers forward GCACTTCTGTCTCCCC and reverse (OL27) CGGACACCCAAAGTAG and inner primers forward GCACTTCTGTCTCCCC and reverse GCCGCCAACGCAGCCT, which amplify an approximately 150
base-pair fragment of the 5' noncoding region. 15 The amplified product bands were purified from an agarose gel using the QIAquick Gel Extraction Kit (Qiagen, Toronto, ON) and sequenced using the inner forward and reverse primers (GeneWiz Sequencing Corporation, South Plainfield, NJ). Sequences were analyzed using Sequencher 4.1 and compared to reference sequences of EV-D68 species acquired from GenBank.
Sequences with >98% match to GenBank sequences were identified as EV-D68 genotypes.
Presumptive cases were defined as those with differential EV-D68 and HRV CT values as described above; proven cases were defined as those with EV-D68 confirmed by sequencing.
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RESULTS

Virologic testing
From 8/11/2014 to 11/7/2014, 506 respiratory samples were either negative for all respiratory viruses (n=393) or positive for HRV (n=113) by our clinical respiratory virus PCR panel (Figure 1 ). Twenty-one samples (4.2%) were presumptively positive for EV-D68 based on criteria described above (13 initially HRV positive, 8 initially HRV negative). Sequencing was attempted for 18 samples with sufficient viral load, and EV-D68 was confirmed in 16 samples. Two samples produced no sequencing data, possibly due to low viral loads.
Patients
Of the 21 presumptive cases of EV-D68, 8 (38%) were patients with a hematologic malignancy. The remaining patients had underlying conditions including asthma (n=2), HIV (n=3), heart disease (n=2), granulomatosis with polyangiitis (n=1) and alcohol abuse (n=1). Two were admitted for respiratory symptoms, including one patient who required brief intensive care unit care and mechanical ventilation due alcohol overdose and altered mental status; this patient did not have significant respiratory symptoms after extubation.
Four additional samples originated from patients at outside facilities and their clinical circumstances were not known.
Of the 8 presumptive EV-D68 cases in patients with hematologic malignancies (Table 1) , 6 were proven to be EV-D68 by sequencing. Samples from the non-confirmed cases (Cases 2 and 8) were still presumed to be EV-D68 given the differential between the EV-D68 and HRV CT values. These 8 patients ranged in age from 22 to 69; six had a history of HCT (5 allogeneic and 1 autologous). Infection with EV-D68 occurred at a median of 485 days following HCT (range 51-1833). Four patients had a history of acute and/or graft-versushost-disease (GVHD), and were receiving treatment with prednisone plus other immunosuppressive therapy at the onset of their respiratory infection (Table 1 ). In the 4 patients without GVHD, only one patient was not on any immunosuppressive therapy at the time of infection and the 3 others received chemotherapy at a median duration of 7 days prior to onset of infection (range 5-13 days; cases 1, 3, and 7).
For personal use only. on April 13, 2017. by guest www.bloodjournal.org From Four of the eight patients had a history of underlying lung disease (Table 1) . Bronchiolitis obliterans was thought to contribute significantly to the respiratory failure seen in Case 2; this patient required sustained respiratory support necessitating a prolonged ICU stay and the need for mechanical ventilation. His course was also complicated by the presence of multiple co-pathogens identified on bronchoalveolar lavage (BAL), but a repeat BAL on Day +19 was negative for both HRV and EV-D68 by PCR. Case 7 had a pre-existing pleural effusion that was larger at the time of admission; this was thought to play a role in the respiratory failure although thoracentesis did not reveal an etiology for the effusion.
All presumptive cases were sporadic as there were no temporal or spatial correlations identified among cases in either inpatient or ambulatory environments to suggest nosocomial transmission.
Presenting signs & symptoms
All 8 patients presented with or developed cough during their illness. Three patients reported rhinorrhea, 5 patients had malaise, and 3 patients had dyspnea; only 4 patients presented with fever. Four patients were diagnosed in the outpatient clinic, and one was hospitalized on Day +7 from infection for planned chemotherapy and became hypoxic on Day +9, requiring 3 liters of oxygen via nasal cannula. Another was hospitalized on Day +23 from infection after developing fever and neutropenia. Five patients had other copathogens identified during the course of their respiratory symptoms (Table 1) . No patients had simultaneous identification of another viral respiratory pathogen.
Six of seven patients had abnormalities on chest x-ray including patchy or diffuse consolidations (Table   1) . Three patients had chest computed tomography (CT) abnormalities that were consistent with lower tract disease, although one had evidence of underlying lung disease (Figure 2) . Seven of these patients could be classified as lymphopenic (absolute lymphocyte count (ALC) <1000 thousand/μl) at the onset of their respiratory illness; 5 of these had an ALC < 500 thousand/μl. The only patient without lymphopenia at diagnosis (Case 6) developed lymphopenia by Day +3 after EV-D68 was diagnosed. Three patients also developed neutropenia during the course of their respiratory illness, presumably related to the recent receipt of chemotherapy.
Outcomes
The duration of symptoms ranged from 6 to 55 days, with a median of 13 days. Of hospitalized patients, the duration of hospitalization ranged from 4 to 35 days (median 9 days). All admitted patients were started on empiric antibiotics, but no antiviral agents with activity against respiratory viruses were given. Repeat respiratory viral PCR testing was done for Case 2 and was negative for HRV and EV-D68. Case 4 had a subsequent sample (Day +21) negative for both HRV and EV-D68, followed by a sample (Day +43) positive for HRV (CT 22.4) and negative for EV-D68, suggesting a new primary infection with HRV. Two patients required intensive care unit (ICU) admission for respiratory failure and both required mechanical ventilation. Case 2 remained on mechanical ventilation for 11 days with a max FiO2 of 60%; at the time of this report he remained on nasal cannula. One additional patient was admitted to the ICU briefly for septic shock due to Streptococcus mitis bacteremia but did not require respiratory support.
DISCUSSION
We describe 8 adult immunocompromised patients with confirmed or presumptive EV-D68 infections.
To our knowledge, this report is the first to describe EV-D68 in patients with hematologic malignancies or in HCT recipients. All 6 of EV-D68 cases in HCT recipients occurred relatively late after transplant; however, all transplant patients were still receiving immunosuppressive therapy at the time of infection.
Overall, the immunocompromised patients infected with EV-D68 in our series presented with a wide range of potential manifestations from relatively mild symptoms managed in the outpatient clinic to respiratory failure requiring ICU admission and mechanical ventilation. All patients developed cough with a range of additional respiratory symptoms including rhinorrhea, dyspnea, and sore throat. The universal presence of cough in this cohort may be a distinguishing feature from HRV infection 16, 17 , although larger, prospective comparative studies are needed to define unique clinical characteristics. HCT recipients were not noted to be more severely affected by EV-D68 when compared to patients with hematologic malignancy alone. Only one patient had EV-D68 isolated from the lower respiratory tract, though at least 5 other cases had presentations
not sampled in all cases, it is difficult to determine the specific role of EV-D68 versus that of other pathogens in lower tract disease. In our cohort, half the patients had underlying lung disease which possibly contributed to their clinical course, and which is consistent with findings described in pediatric patients during the outbreak. 8 Finally, most patients presented with or developed lymphopenia, a known risk factor for development of lower tract disease and/or mortality for several common respiratory viral illnesses including respiratory syncytial virus and influenza virus.
18
During our study period, 11.5% of cases originally identified as HRV by our respiratory viral PCR panel were subsequently characterized as EV-D68 with the specific PCR assay, and 9.7% of these were confirmed with sequencing. The limited specificity of the HRV primers used in our assay and in many commercial assays 14,19 makes an accurate discrimination between HRV and EV-D68 difficult. HRV is the most common respiratory virus in HCT recipients, accounting for between 25-40% of viral respiratory infections in this population. 17,20,21 Thus, it is possible that EV-D68 is the true pathogen in ~10% of HRV cases and up to 5% of overall cases during peak circulation of this enterovirus strain. In our cohort, all samples that met our criteria for presumptive EV-D68 and were successfully sequenced were confirmed as EV-D68, suggesting a PCR-based algorithm for identification of presumptive cases of EV-D68 may be useful in the clinical setting. Accurate identification may become increasingly important as new antiviral therapies become available that could have more targeted activity against either HRV or enteroviruses.
This testing methodology could also be important in the clinical setting for infection prevention purposes. Of the 393 cases initially negative for all respiratory viruses, 8 (2%) were presumptive EV-D68.
Unless persistently symptomatic, our center based-protocols would have allowed such patients with negative testing to be removed from droplet isolation. It is possible that EV-D68 could therefore lead to person-to-person transmission within these highly immunocompromised patient populations in either the clinic or hospital setting.
Our current understanding of the natural history of EV-D68 and its transmission is limited, and to date no nosocomial transmissions have been documented. Our data argue that additional algorithms for confirmatory
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In conclusion, EV-D68 should be considered in cases of immunocompromised adults with suspected respiratory viral infection. The severity of illness described in our study suggests the need for additional studies to address clinical outcomes and risk factors for severe disease in this population. The detection of the virus in patients with negative clinical multiplex-PCR testing reminds clinicians that current respiratory viral testing systems may not be sufficient to detect and therefore prevent nosocomial transmission of EV-D68. Although there are no licensed antivirals available for the treatment of EV-D68, future studies addressing enhanced diagnostic assays for EV-D68 may also be important as novel therapies become available.
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